This study investigates the natural relationships between the carbon cycle and land surface processes in the Northern Hemisphere, related to recent El Niño events by a general circulation model with a Biosphere̶Atmosphere Interaction Model Version 2 (BAIM2). Two cases are simulated; the periods of Case 1 and Case 2 are from 1996 to 2000 and from 2001 to 2005, respectively. Case 1 included the El Niño event from 1997 to 1998, and Case 2 included that from 2002 to 2003 in each simulation period. The physical and biological mechanisms of the relationship between the changes of land surface processes with climate changes and variations of CO2 exchange between the atmosphere and terrestrial ecosystem are systematically examined using the results of direct simulation with a terrestrial biosphere̶atmosphere fully coupled global climate model. In 1998 and 2003, high surface temperature and low soil wetness in the Eurasian Continent and North America occurred in the warm season in the Northern Hemisphere. These climate conditions are thought to have induced relatively low gross primary production and net ecosystem production values and contributed to anomalously high atmospheric CO2 concentrations in these years. The results of this study suggest that there is a common feature in the relationship between the carbon cycle and land surface processes in the Northern Hemisphere, related to recent El Niño events. Specifically, an anomaly of the atmospheric circulation in the warm season in the Northern Hemisphere in the year El Niño event ends, which is most likely induced by the global teleconnection associated with the tropical sea surface temperature anomaly, causes an anomaly in the land surface processes; this in turn induces anomalously low carbon absorption by the terrestrial ecosystem, which affects the variation of atmospheric CO2 concentration growth rate.
Introduction
Environmental change due to global warming resulting from increases of greenhouse gases is still a serious problem. The United Nations Framework Convention on Climate Change (UNFCCC) was adopted in 1992 to start considering the next possible steps to reduce global warming (URL: http://unfccc. int/). Given the awareness of the issues, it has continued to monitor the increases of greenhouse gases, especially carbon dioxide (CO2), and conduct research to further understand the mechanisms of interactions between environmental changes and carbon balance.
To predict the future concentration level, estimating the CO2 budget and understanding its variation mechanisms is necessary. In addition, investigating the role of each factor in the variation of the CO2 budget to clarify its variation mechanisms is important. The main components of the CO2 budget are anthropogenic emissions, atmospheric concentration, the exchange between the atmosphere and ocean, and the exchange between the atmosphere and terrestrial ecosystems. Of these components, the terrestrial ecosystems take up 2̶4 PgC of carbon per year, amounting to 20̶30% of the annual total anthropogenic CO2 released into the atmosphere, and exhibit strong interannual variability (Prentice 2001) . The variation in the atmosphere̶ biosphere CO2 exchange is an essential component that influences the variation of the CO2 budget on Earth, and understanding the mechanisms of carbon exchange between the atmosphere and terrestrial biosphere is necessary.
Numerous studies have examined the relationship between the land surface processes and carbon cycle (e.g., Keeling et al. 1996; Battle et al. 2000; Bousquet et al. 2000) . Betts et al. (1997) and Mabuchi et al. (2000) focused on vegetation physiology and the carbon circulation associated with vegetation activity and climate. Ito (2003) and Cao et al. (2005) used ecosystem models to simulate the global-scale CO2 exchange between the atmosphere and terrestrial biosphere over long time periods in the past. Matthews et al. (2005) also examined the behavior of the terrestrial carbon cycle for both historical and future climate changes, using a global climate model coupled with a dynamic terrestrial vegetation and carbon cycle model. Mabuchi et al. (2009) investigated the impact of climate factors on the carbon cycle in the East Asian terrestrial ecosystem. Mabuchi (2011) discussed the changes in energy and carbon cycle balances under deforestation conditions in the Asian tropical region.
In addition to these topics, the relationship between the variation of CO2 exchange and El Niño events is another area of contention. Jones et al. (2001) investigated the mechanisms of interannual variation of the atmospheric CO2 concentration using a global climate model coupled climate̶carbon cycle model. They indicated that the terrestrial biosphere becomes a source of CO2 to the atmosphere because of the climate changes over land during El Niño events. Other studies have also pointed out the importance of effects of land surface processes on the variations of atmospheric CO2 concentration, related to El Niño events (e.g., Nakazawa et al. 1993; Keeling et al. 1995; Dettinger and Ghil 1998; Morimoto et al. 2000; Hashimoto et al. 2004; Patra et al. 2005; Zeng et al. 2005; Qian et al. 2008; Woodward et al. 2008; Iguchi 2011; Gurney et al. 2012) .
Two El Niño events occurred from the latter half of 1990s to the early 2000s, (from 1997 to 1998 and from 2002 to 2003) . The World Data Centre for Greenhouse Gases (WDCGG), a World Data Centre under the Global Atmosphere Watch (GAW) program of the World Meteorological Organization, has been operating since 1990 under control of the Japan Meteorological Agency (JMA). In the atmospheric CO2 concentration data observed at in situ observatories in the Northern Hemisphere, the concentrations in the warm season were anomalously high in 1998 and 2003 (URL: http://gaw.kishou.go.jp/wdcgg/). These anomalously high CO2 concentrations in the warm season in these years are the causes of anomalously high CO2 concentration growth rates from 1997 to 1998 and from 2002 to 2003. Watanabe et al. (2000) , Jones and Cox (2005) , and Knorr et al. (2007) This study investigates the natural relationships between the carbon cycle and land surface processes in the Northern Hemisphere by numerically simulating two cases. Each case includes each El Niño event described above. The physical and biological relationships between the changes of land surface processes with climate changes and the variations of CO2 exchange between the atmosphere and terrestrial ecosystem are systematically examined using the results of direct simulation with a terrestrial biosphere̶ atmosphere fully coupled global climate model.
Model description
The atmospheric model used in the experiment is originally the spectral model of general circulation developed by JMA (Sato 1991) . The model has a triangular truncation at wave number 63 (T63) and employs hybrid vertical coordinates at 21 levels. The horizontal resolution is 1.875°(192 × 96 grid points). The basic equations adopted for the model are the primitive equations. The modelʼs atmospheric prognostic variables are temperature, specific humidity, divergence and vorticity of the wind, CO2 concentration in each atmospheric layer, and surface pressure. The time step interval of the integration is approximately 20 min. The model includes short-and longwave radiation processes (Sugi et al. 1990; Lacis and Hansen 1974) . Large-scale precipitation and convective precipitation are estimated separately, with convective precipitation calculated by the Kuo scheme (Kuo 1974) . Vertical diffusion is calculated by the turbulece closure model (level 2.0) proposed by Mellor and Yamada (1974) .
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BAIM2 is an improved terrestrial ecosystem model based on BAIM Version 1 (BAIM1, Mabuchi et al. 1997) . BAIM2 has two vegetation layers and three soil layers, and it predicts the temperature and stored moisture for each layer. The model uses three groups of parameters: morphological (e.g., leaf area index (LAI), canopy height, and leaf angle distribution), physiological (e.g., green leaf fraction and Rubisco capacity), and physical parameters (e.g., transmittance and reflectance of the leaf, soil reflectance, and hydraulic conductivity of the soil). Accumulation and melting processes of snow on the leaves and ground are also simulated. For snow cover on the ground, the snow layer is divided into a maximum of three layers, with a prediction of the temperature and amounts of snow and water stored in each layer. BAIM2 can estimate both the energy fluxes and CO2 flux between terrestrial ecosystems and the atmosphere. The model adopts photosynthesis processes for C3 and C4 plants. The canopy resistance, which is closely related to the water vapor and CO2 fluxes between the ecosystem and atmosphere, is obtained by integrating the leaflevel stomatal resistance. This resistance is calculated from consideration of the enzyme kinetics and electron transport properties of chloroplasts and ambient environmental parameters. The carbon storage is divided into five components: leaves, trunk, root, litter, and soil. The carbon exchanges among the components and atmosphere, and the CO2 concentration in the atmosphere, are calculated with other physical processes at each time step of the fully coupled model integration. The values of several morphological parameters used in the model are derived from the carbon storage values of the components, and the phenological changes of vegetation (e.g., leaf expansion or defoliation, growing or blighting) are reproduced by the model. The model can also predict the freezing and melting of water within the soil. The process of phenological change of vegetation used in the model is presented in Mabuchi et al. (2009) .
The vegetation types specified at model land area grid points were the same as those used in the previous studies (Mabuchi et al. 2005a (Mabuchi et al. , 2005b Mabuchi 2011 (Olson et al. 1983 ). This dataset includes 47 types of vegetation, which are fundamentally divided into groups consisting of forest, grassland, crop, shrub, taiga, savanna, wetland, semi-desert, desert, tundra, and cryosphere. The vegetation of a given global land surface grid point was classified into one of the 13 types given in Table 1 , including the desert and cryosphere. The shrub and wetland types were classified as grassland, and the boreal forest including taiga type vegetation in East Siberia was regarded as needle-leaf deciduous forest. The present experiment classifies crop vegetation as grassland.
Experimental design
Prior to the main experimental simulations, spin-up integration was performed to estimate the initial soil water content, ice content in the soil, soil temperature, and carbon storage in each component. In each experimental simulation, sequential 48-h time integrations were performed using 24-h interval atmospheric reanalysis data (0000 UTC of each day) for the atmospheric initial conditions. JRA-25 (from (Onogi et al. 2007 ) were used for the initial condition of each integration. The grid size of the reanalysis datasets was 1.25°. The initial CO2 concentrations in the atmosphere were set to a maximum of 358 ppmv and 367 ppmv in Cases 1 and 2, respectively. The distribution pattern of the initial CO2 concentration exhibited decreasing gradients toward the upper atmosphere above the 200 hPa level and toward the North Pole in the Northern Hemisphere. The energy and carbon exchanges between terrestrial ecosystem and the atmosphere, and the CO2 concentration change in the atmosphere, are calculated with other physical processes in the land surface and atmosphere at each time step of the land̶atmosphere fully coupled model integration. Calculated values of atmospheric CO2 concentration and those of physical and biological elements of land area were taken over during each experimental period. The calculated values by the previous integration were used for the initial values for the next integration. Therefore, there was no loss or gain in the values of the taking over elements. The second half 24-h results in each 48-h forward calculation were adopted for the analysis. Through this simulation method (i.e., chained short period prediction), the variations of atmospheric CO2 concentration and land area elements and the fully coupled interaction between land surface and atmospheric under the almost actual atmospheric condition can be reproduced.
In the simulations, the sea surface temperatures (SSTs) and sea ice data for the model sea area grid points were taken from the HadISST dataset (Rayner et al. 2003) . The monthly 1°× 1°SST and sea ice data during the periods of the experiments were interpolated to daily values between months and assigned to each model sea area grid point in the integrations.
The monthly CO2 fluxes between the sea surface and atmosphere were derived on the basis of the climatological data ). This dataset was regarded as the standard monthly flux values. The annual changes were estimated from the model-calculated CO2 fluxes between the sea surface and atmosphere produced by the OCMIP-Phase 2 experiments (http://c4mip.lsce.ipsl.fr/protocol.html) (C4mip: Coupled Carbon Cycle Climate Model Intercomparison Project (Friedlingstein et al. 2006) ). The monthly CO2 fluxes between the sea surface and atmosphere at each sea area grid point for each model year during the integrations were estimated from these data by adding the annual changes to the standard fluxes.
The fluxes of anthropogenic emission of CO2 were taken into account during the integrations. The Global, Regional, and National Fossil Fuel CO2 Emissions database produced by the Carbon Dioxide Information Center (CDIAC) (http://cdiac.esd.ornl.gov/) was used. In this database, the 1950 to present CO2 emission estimates were derived primarily from energy statistics published by the United Nations (2008), using the Vol. 91, No. 5 Jounal of the Meteorological Society of Japan 670 methods of Marland and Rotty (1984) . The regional fluxes of anthropogenic emissions in 1995 were extracted from the database (6.4 PgC year −1 for the total global land area) and regarded as standard values of anthropogenic emissions. The regional amounts of annual increase of emissions were estimated using the regional average rate of increase from 1991 to 2004. These were estimated separately for nine regions: Africa, South America, China (east Asia), Eastern Europe, Southeast Asia, the Middle East, North America, Oceania (including Japan), and Western Europe. The regional fluxes of anthropogenic emissions for each model year during the integrations were estimated from these data by adding the annual increments to the standard values described above. 
Results and discussion

Verification of model results
Previous studies (Mabuchi et al. 2005a (Mabuchi et al. , 2005b Mabuchi 2011) presented several verifications of the meteorological elements and carbon cycle reproduced by the global model including BAIM1 and BAIM2. This section presents the results of verifications of the model focusing on the interannual variations of the atmospheric CO2 concentration and those of precipitation during the two experimental simulations (Cases 1 and 2). The atmospheric CO2 concentrations and precipitation simulated by the model were verified using the observed and analysis data.
a. Verification of interannual variations of the atmospheric CO2 concentration
The interannual variations of the atmospheric CO2 concentration calculated by the model were compared with in situ data observed at NOAA/GMD stations (Alert, Ocean Station M, Mauna Loa, Mahe Island, and Easter Island) (Conway et al. 2007; Thoning et al. 2007 ) and at JMA station Ryori (Watanabe et al. 2000; JMA 2007) . concentration. These six stations for verification were selected as typical points in the latitude zone for the Northern and Southern Hemispheres. Another criterion for selection of station is that the missing data are limited. The mean values of model grid points (11 × 11 grids include the nearest grid to each observatory) at the second vertical level were compared with the measured values at each observatory. Table 2 compares interannual differences of the atmospheric CO2 concentration in the warm season in the Northern Hemisphere (four-month mean of June, July, August, and September). Differences between each year in each experiment period at the observatories are listed. In the observed data in Case 1, the changes from 1997 to 1998 (98-97) are relatively larger than other interannual differences (i.e., 97-96, 99-98, and 00-99). In Case 2, there is a tendency that the changes from 2002 to 2003 (03-02) are relatively larger than other interannual differences (i.e., 02-01, 04-03, and 05-04). The model reproduces the feature in the observed data above, though there are a few discrepant cases, for example Ocean Station M in Case 1. 
b. Verification of precipitation
The accuracy of precipitation is important for simulating the soil wetness (SW) and associated land surface processes. A more accurate estimation of precipitation (in a strict sense cloudiness) also yields a better estimate of the downward short-wave radiation (DSW) reaching the Earthʼs surface. These, in turn, contribute to a more precise reproduction of the physical and biological processes, including the carbon cycle at the land surface. Interannual variation of the model precipitation was verified using the Climate Prediction Center Merged Analysis of Precipitation (CMAP) data (Xie and Arkin 1997), especially the periods from 1997 to 1999 and 2002 to 2004 that include the El Niño events.
Figures 4 and 5 present the differences of precipitation between 1998 and 1997 (1998-1997) and 1998-1999 (Fig. 4) , and 2003-2002 and 2003-2004 (Fig. 5) . In each figure, the panels in the left column indicate the CMAP data, and those in the right column indicate the model results. The interannual differences for August are indicated. The difference patterns produced by the model generally agree very well with those in the CMAP data. Although the figures are not shown, the model can successfully simulate the difference patterns in other months. The differences in the land area are generally smaller than those in the sea area at low latitudes. However, consistency of the pattern of differences on the land between the model results and CMAP data is very important for the model to reproduce accurate land surface processes. between the interannual variations of the climate factors and those of the gross primary production (GPP) and net ecosystem production (NEP) are examined, targeting the distinctive period from 1997 to 1999 for Case 1 and from 2002 to 2004 for Case 2.
The variation of NEP is investigated first. NEP is the net carbon flux between the atmosphere and land surface (downward flux is positive) and directly influences the atmospheric CO2 concentration. Table 3 lists the differences of area total NEP between 1998 NEP between and 1997 NEP between (1998 NEP between -1997 ) and between 1998 and 1999 (1998-1999) in the warm season in the Northern Hemisphere (June, July, August, and September). AFRO-EURASIA includes the Eurasian Continent and African Continent, and AMERICA includes North, Central, and South America. The differences for each 15°latitudinal zone of land area in the northern part ranging from 15°S in each area are indicated. In Table 3 , the differences of NEP in June and August are primarily negative in AFRO-EURASIA for both 1998-1997 and 1998-1999 . In July and September, the negative values dominate in AMERICA for both 1998-1997 and 1998-1999, though the value for 15°N̶0°for 1998-1997 in September becomes remarkably positive. In August, the differences in AMERICA also are mainly negative except for 45°̶30°N for 1998-1999. These overall negative tendencies in the differences of NEP between 1998 and 1997 or 1999 contribute to the anomalously high CO2 concentrations in 1998. Table 4 is the same as Table 3 except for the differences between 2003 and 2002 (2003-2002) and between 2003 and 2004 (2003-2004) . In this case, the negative tendencies dominate in AFRO-EURASIA from June to September for both 2003-2002 and 2003-2004, GPP is the total amount of carbon that the vegetation absorbs by photosynthesis and is directly affected by the land surface processes and climate conditions. The difference between GPP and NEP is influenced by the variation of ecosystem respiration. However, the variation of GPP is almost consistent with that of NEP for high vegetation activity conditions (data not shown). Figure 6 presents the differences of GPP between 1998 and 1997 (1998-1997 ) and between 1998 and 1999 (1998-1999) Table 3 . Differences of area total net ecosystem production (NEP) (TgC/area/day) between 1998 and 1997 (1998̶1997) and those between 1998 and 1999 (1998̶1999) . Area labeled AFRO-EURASIA includes the Eurasian Continent and the African Continent; AMERICA includes North, Central, and South America. The differences of land area NEP are calculated for each 15°latitudinal zone in each area. The monthly values from 90°N to 15°S for June, July, August, and September are listed. For NEP, downward flux from the atmosphere to the land surface is positive. Negative differences are underlined. the land surface temperatures (TG) in 1998 are significantly higher (lower) than those in 1997 or 1999. Figure 7 is the same as Fig. 6 , except that the heavily shaded (moderately shaded) areas in the lightly shaded areas indicate that the values of SW in 1998 are significantly higher (lower) than those in 1997 or 1999. Here SW means the average rate of water content in the cavities of the first and second soil layers (vegetation root spreading layer) of the model. As to TG in Fig. 6 , the areas where TGs in 1998 are significantly higher than those in 1997 (heavily shaded areas) in the areas where GPPs in 1998 are smaller than those in 1997 expand from June to August (left column). The feature of differences between 1998 and 1999 (right column) is similar to that between 1998 and 1997 described above. In Fig. 7 , distributions of the areas where SWs in 1998 are significantly lower than those in other years (moderately shaded areas) correspond with those of the areas where TGs in 1998 are significantly higher than in other years (heavily shaded areas in Fig. 6 ). The SWs in 1998 sustain significantly lower values in wide areas further in September. Although the figures are not shown, the significantly lower values of DSW due to the wet climate condition in East Asia also induce smaller values of GPP in that area in the warm season in 1998. In East Asia, soil water content is generally rich, and DSW is the main factor controlling vegetation activity − 0.0 Mabuchi et al. 2000; Saigusa et al. 2008) . These facts suggest that GPPs in the warm season in 1998 became relatively smaller than those in other years because of the hot and dry climates on the continents that induced declination of the photosynthesis activity of vegetation. Declination of the photosynthesis activity due to the lower DSW condition in East Asia is another feature in 1998. The atmospheric CO2 concentration in 1998 is affected by these anomalies of carbon absorption in the warm season in the Northern Hemisphere (Case 1). Figure 8 is the same as (Fig. 7) . In the same way as in 1998, the significantly lower DSWs due to the wet climate condition in East Asia induce smaller GPPs in that area in the warm season in 2003. The relationships between GPP and other elements (TG, SW, and DSW) in Case 2 closely resemble those in Case 1 described Vol. 91, No. 5 Jounal of the Meteorological Society of Japan 678 
Relationship between the atmospheric circulation and land surface climate condition
This section examines the correspondence between the difference patterns of the atmospheric circulation and those of land surface elements influencing the variations of GPP and NEP resulting from the variation of vegetation activity. Figure 10 presents the differences of 500-hPa geopotential height (GPH500) between 1998 and 1997 (1998-1997) and those between 1998 and 1999 (1998-1999) . The differences in June, July, August, and September are indicated. Heavily shaded (moderately shaded) areas indicate that the values in 1998 are significantly higher (lower) than those in 1997 or 1999. Figure 11 is the same as Fig. 10 , except for the differences between 2003 and 2002 (2003-2002) and those between 2003 and 2004 (2003-2004) .
In Fig. 10 , the difference pattern in the middle and high latitudes of the Northern and Southern Hemispheres for 1998-1997 (left column) is similar to that for 1998-1999 (right column) in each month, though there is some disagreement in the magnitude and position of the differences. This suggests that the atmospheric circulation in 1998 has a distinctive pattern compared with the other years. Comparing the difference patterns in Fig. 10 (GPH500) with those in Figs. 6 (TG) and 7 (SW), the position of the positive differences of GPH500 (heavily shaded areas in Fig.  10 ) on the land corresponds to that of the positive differences of TG (heavily shaded areas in Fig. 6 ) and that of the negative differences of SW (moderately shaded areas in Fig. 7 ). These facts suggest that the land surface climate conditions in 1998 become anomalously hot and dry in the areas where the values October 2013 K. MABUCHI 679 Fig. 11 (GPH500) with those in Figs. 8 (TG) and 9 (SW), the position of the positive differences of GPH500 on the land area corresponds to that of the positive differences of TG and that of the negative differences of SW. These facts suggest that there is a relationship between the hot and dry land surface climates and positive anomalies of GPH500 in 2003, similar to that in 1998.
The difference patterns in Figs. 10 and 11 share a common pattern in the middle and high latitudes in the Northern Hemisphere. Although somewhat different in each month, that pattern is the positive differences in Europe, central Eurasia, and central North America, and the negative differences in Scandinavia, East Asia, Alaska, and the eastern edge of North America. For these two cases, there is a similar anomaly in the atmosphere between 1998 and 2003. This similar anomaly in the atmosphere induces a similar anomaly in the land surface climate condition, creates similar anomalies in GPP and NEP, and consequently contributes to anomalously high atmospheric CO2 concentrations in 1998 and 2003 in the Northern Hemisphere.
Conclusions
Several previous studies indicated the importance of relationships between terrestrial carbon exchange in the tropical region and El Niño̶Southern Oscillation (ENSO) (e.g., Patra et al. 2005; Zeng et al. 2005; Qian et al. 2008; Gurney et al. 2012) . Above all, Zeng et al. (2005) concluded that the CO2 variations connected with ENSO over North America and Eurasia are comparable to the tropics but the total interannual variability is small because of the cancellation from the subregions. Qian et al. (2008) also argued that the Vol. 91, No. 5 Jounal of the Meteorological Society of Japan 680 response of the land̶atmosphere carbon flux to ENSO in the mid-and high-latitudes of Northern Hemisphere is weak. However, there is a possibility that the regional characteristics or regional causal relationships are neglected by the argument with the values of large area mean or long time mean. In these studies, the regional features in the extratropics have not been sufficiently discussed. The regional responses to the global atmospheric teleconnections associated with the tropical SST anomaly have also not been analyzed. The impact of CO2 emissions due to fire events on the land area was also argued (Patra et al. 2005; Zeng et al. 2005; Qian et al. 2008; Prentice et al. 2011) . Prentice et al. (2011) indicated that the variability in the Global Fire Emissions Database Version 3 (GFED3) fire CO2 flux explains only approximately 1/3 of the variability in total CO2 flux during 1997̶2005. They also concluded that the statistical relationship between the GFED3 fire CO2 flux and total CO2 flux becomes very much weaker if the emissions from equatorial Asia are removed from the GFED3 dataset. Qian et al. (2008) showed that the fire burning accounts for approximately 25% of the total flux anomalies in the tropics during ENSO events, consistent with Zeng et al. (2005) . Patra et al. (2005) indicated the positive relationship between the burned area anomaly in the boreal regions and CO2 flux anomaly with the correlation between the ENSO index amplitude and tropical CO2 flux anomaly derived from an inverse model. The results, however, are statistical and qualitative. The results of these previous studies indicate that the anomalies of CO2 emissions by the fire events account for approximately 1/3 or 1/4 of the total CO2 flux anomalies in the tropics, and they are mainly influential in the tropics. The results suggest that the primary causes for the CO2 flux anomalies are the physical and biological variations. The object of this study is to investigate the physical and biological relationships between the variations of carbon cycle and those of land surface processes related to El Niño events. Therefore, the contributions of CO2 emissions by the natural or anthropogenic fire events are not October 2013 K. MABUCHI 681 included in the simulations. However, the model can reproduce distinctive features of the seasonal and interannual variations of the atmospheric CO2 concentrations observed at in situ observatories (Figs. 2 and 3, Table 2 ). In this study, the relationships between the changes of land surface processes with climate changes and variations of CO2 exchange between the atmosphere and terrestrial ecosystem are systematically examined using the results of direct simulation with a terrestrial biosphere̶atmosphere fully coupled global climate model, and the regional characteristics and relationships were discussed. The results of this study indicate that the impact of the interannual changes of carbon balance in the tropics is certainly effective, and the regional impact of those in the extratropics is comparable to that in the tropics (Tables 3 and 4) . The results suggest that the physical and biological processes in the active season of vegetation in the middle and high latitudes contribute to the interannual variations of atmospheric CO2 concentration related to El Niño events. In the simulation periods of this study, Case 1 included the El Niño event from 1997 to 1998, and Case 2 included that from 2002 to 2003. In 1998 and 2003, high surface temperature and low SW conditions in the Eurasian Continent and North America occurred in the warm season in the Northern Hemisphere. These climate conditions are thought to have induced relatively low GPPs and NEPs and contribute to anomalously high atmospheric CO2 concentrations in these years.
The mechanisms of extratropical influences of ENSO have been argued for a long time. There have been numerous studies of the global teleconnections associated with the tropical SST (e.g., Trenberth and Hurrell 1994; Latif and Barnett 1994; Hurrell 1996; Vol. 91, No. 5 Jounal of the Meteorological Society of Japan 682 Zhang et al. 1997; Mantua et al. 1997; Renshaw et al. 1998; Gershunov and Barnett 1998; Trenberth et al. 1998; Enfield and Mestas-Nunez 1999; Livezey and Smith 1999; Angell 2000; Kobayashi et al. 2000) . Trenberth et al. (2002) discussed the relationship between ENSO and global atmospheric surface temperatures. They indicated that most of the delayed warming outside the tropical Pacific is due to persistent changes in atmospheric circulation forced from the tropical Pacific. Lau et al. (2006) investigated the impacts of SST anomalies in the Pacific and Indian Oceans on the evolution of the global atmospheric circulation. They found that the anomalous geopotential height ridges at the upper atmospheric layer in the extratropics of both hemispheres exhibited a distinct zonal symmetry, and the circulation change was accompanied by extensive dry and warm anomalies in many regions including North America. Kobayashi (2012) The results of this study suggest that there is a common feature in the relationship between the carbon cycle and land surface processes in the Northern Hemisphere, related to El Niño events, at least in the two cases examined in this study. Specifically, the anomaly of the atmospheric circulation in the warm season in the Northern Hemisphere in the year El Niño event ends, which is most likely induced by the global teleconnection associated with the tropical SST anomaly, causes an anomaly in the land surface processes; this in turn causes anomalously low carbon absorption by the terrestrial ecosystem, which has an effect on the variation of atmospheric CO2 concentration growth rate.
October 2013 K. MABUCHI 683 The mechanisms of relationships between the anomaly of the tropical SST and that of the atmospheric CO2 concentration growth rate may not always be the same. Further study concerning the variation of the atmospheric CO2 concentration, other ENSO events, and climate conditions is necessary to understand the physical and biological mechanisms of relationships among these phenomena.
